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Introduction

Cancer chemotherapy has become a very large and sophisti
cated scientific endeavor. Rather than discuss modern advances
in this science, I shall try to describe some of the beginnings of
chemotherapy in our laboratory 40 years ago. I shall also show
how two approaches eventually converged in methotrexate.

The first of these two approaches started 80 years ago in
work by the German bacteriologist Paul Ehrlich. He was inter
ested in the possible usefulness of aniline dyes, and in 1907, he
discovered the dye known as trypan red, which, when injected
into the blood of animals infected with trypanosomes, brought
about the destruction of these parasitic organisms. He received
the Nobel Prize for medicine in 1908, and in 1910 he announced
that he had prepared an arsenical compound, arsphenamine,
that was effective against syphilis. This was the 606th com
pound that he had tested in this series, and it received the name
"606." For years, arsphenamine was used for treatment of

syphilis. In Paul deKruifs classic book, Microbe Hunters, the
author describes this research as the hunt for "a magic bullet,"

a substance that would find its target of a pathogen within the
body without harming the host (1). The term coined by Paul
deKruif, "the magic bullet," is still popular today.

The method of screening compounds, used by Ehrlich, was
adopted by others, including the German chemist, Gerhard
Domagk. In 1935, Domagk found that the dye 4'-sulfonamidyl-

2,4-diaminoazobenzene, named prontosil, when injected into
mice, protected them against death from experimental strep-
tococcal infections (2). This was promptly followed by the
discovery by Trefouel in France that prontosil had no effect on
the Streptococci when they were grown in vitro, and that
prontosil owed its therapeutic effect to the fact that it was split
in half in the body, and that the active half, sulfanilamide, had
the antibacterial effect (3) (Fig. 1).

The mode of action of sulfanilamide was discovered in ex
periments by Woods and Fildes in England. Woods found that
sulfanilamide competes with a substance needed for the growth
of bacteria. This substance was p-aminobenzoic acid or PABA.2

The molecule of sulfanilamide was so similar to that of PABA
that sulfanilamide as a metabolic antagonist displaced PABA
from an enzyme site in bacterial cells (4, 5). PABA was a
natural substance, present in yeast extracts and other sources
(6). Sulfanilamide was by far the most successful example of a
metabolic antagonist, and it revolutionized bacterial chemo
therapy. Sulfonamides were said in 1941 to be the first chemi
cals capable of curing serious systemic bacterial infections in
humans in doses allowing a satisfactory margin of safety (7).
At the time of their introduction, Lederle Laboratories had a
large rabbit farm used for the production of antisera against
pneumococcal pneumonia of various types. Sulfanilamide and
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its chemical relatives put the rabbit farm out of business almost
overnight. No one had the faintest idea of the identity of the
enzyme reaction that was blocked by sulfanilamide.

The story of the second approach in our search starts in 1931,
when English physician Lucy Wills, working in India, found
that the diet, high in wheat, that was commonly eaten by many
pregnant women caused them to develop anemia. Anemia from
iron deficiency is common in women, but this was different.
The red blood cells were large and hyperchromic, in contrast
to the small, pale blood cells that occur in iron deficiency
anemia. Wills found that the anemia in Indian women re
sponded to yeast extract or liver extract given by mouth. It was
not cured by refined liver extract used for treating pernicious
anemia (8). We now know that the anemia was found only in
pregnant women because they had a higher requirement than
nonpregnant adults for the "Wills factor," which was needed

for cellular proliferation in bone marrow. The anemia could be
produced in monkeys fed restricted diets, and they also devel
oped leukopenia. Paul Day at the University of Arkansas
termed the deficiency "nutritional cytopenia" (9).

The antianemia factor discovered by Wills eventually was
shown by Esmond Snell to be needed as a growth factor by
lactic acid bacteria, and it received the name folie acid. It was
active against the tropical disease sprue. Its isolation from liver
was reported by Stokstad in 1943, and a large team of scientists
at Lederle Laboratories and American Cyanamid was able to
identify its structure and to synthesize it. This was greatly
helped by Brian Hutchings's finding that large quantities of
"fermentation" folie acid were produced by a microorganism of

the genus Corynebacterium (10).
During these investigations, Stokstad found that purified

concentrates of folie acid gave the Bratton-Marshall test for
aromatic amines when hydrolyzed, and he isolated PABA from
the hydrolysate as the substance giving the test (11) (Table 1).

Folie acid was identified by chemical degradation and syn
thesis. The announcement of this was made in July 1946 in a
publication by 16 authors, eight from Lederle Laboratories and
eight from Calco Chemical Division of American Cyanamid
Company (12) (Fig. 2). Simultaneously, identification and syn
thesis of folie acid were reported by the Parke Davis group
headed by Joseph Pfiffner (13). A research program was started
immediately at Lederle and Calco to produce chemical relatives
of folie acid for chemotherapeutic testing. It had long been
known that folie acid deficiency produced leukopenia. Perhaps
this meant that an antagonist of folie acid could be used to treat
leukemia.

The pneumococci and streptococci that were killed by sulfa
nilamide had actually died from folie acid deficiency. The
reaction blocked by the sulfonamide drugs, including sulfanil
amide, was the incorporation of PABA into the pteroic acid
molecule. Pteroic acid then joined to glutamic acid to form folie
acid (Fig. 3). The reason sulfanilamide was a magic bullet was
that bacteria synthesized folie acid in their cells from PABA,
and sulfanilamide blocked the synthesis of folie acid deficiency.
Their hosts obtained folie acid from dietary sources rather than
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SEARCHING FOR MAGIC BULLETS

from biological synthesis in their own tissues and so were
unaffected by sulfanilamide.

Interest in folie acid analogues for tumor chemotherapy arose
some years before the chemical structure of folie acid was known
or before any antagonists of folie acid had been synthesized.
Dr. Richard Lewisohn's group at Mt. Sinai Hospital in New

York used the procedure of injections into the tail vein of mice
with spontaneous or transplanted mammary tumors as an assay
for anticancer activity. They reported shrinkage of the tumors
when certain crude materials, including extracts of barley and
yeast as well as folie acid concentrates, were so injected, and
they concluded that folie acid in the extracts was responsible
(14). The Lederle group supplied Lewisohn with folie acid as
the triglutamate pteroyltriglutamic acid, so-called teropterin,
isolated from bacterial fermentation, around 1943, and Lewi
sohn's group reported that it had antitumor activity in their

mouse tests (15) (Table 2). Lewisohn used teropterin for several
cancer patients, including George Herman Ruth, who thus
became the first and greatest of the major league home run
hitters to be associated with folie acid analogues in the therapy
of neoplastic diseases. A few years later, Ted Williams of the
Boston Red Sox was recruited by Dr. Sidney Farber to sponsor
his program against child leukemia, called the "Jimmy Fund"

in honor of a patient.
The findings reported by Lewisohn and coworkers with crude

extracts and with pteroyltriglutamic acid in mice could not be
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Fig. 1. Structural formulas of sulfanilamide and related compounds. Reprinted

with permission from an article by E. L. R. Stokstad and T. H. J. Jukes in the
Journal of Nutrition ÃŒÃŒ7:1335, 1987.

Table 1 Early history of folie acid

Lucy Wills, 1931: Tropical macrocytic anemia in pregnancy responded to yeast.
Paul Day, 1935: Anemia and leukopenia in monkeys prevented by "vitamin M"

in yeast.
Various investigations, 1938-1943: Chickens needed antianemic factor, lactic

acid bacteria needed "folie acid" for growth.
Degradation and synthesis, 1944-1945, showed PABA as part of folie acid

molecule.

coon
u I

COâ€”N-CII

-COOH

pteHdine p-am1nobenzo1c
acid

L-glutamlc
acid

plorÃ³le acid

I

COOH

ATP+ Mg

DIHYDROPTERQIC ACID (HjPt)

H2?t + Glutamate JS, r H,Pt Glutamate
Ai? 2

Dihydrofolk acid

Fig. 3. Biological synthesis of dihydrofolic acid, showing the action of dihy-
dropteroate synthase in coupling PABA with hydroxymethyldihydropteridine.
Reprinted with permission from Journal of Nutrition, p. 1337 (see Figure 1
legend).

Table 2 Folie acid triglutamate (pteroyltriglutamic acid, "teropterin")

Reference

Isolated from Corynebacterium fermen
tation, active as a source of folie acid
in chick nutrition

Antitumor activity reponed in mice

Used with cancer patients "to relieve
pain"

Aggravated acute leukemia in children
Folie acid polyglutamates formed by

various organisms

Mulchings et al., 1945

Leuchtenberger et al.,
1944, but not con
firmed; Sugiura,
1945, cited in Ref.
16

Lewisohn, 1947

Farber Ã©tal.,1948
Several authors

pteroylglutamlc acid

folle add

Fig. 2. Schematic of folie acid, showing its constituents. Reprinted with
permission from Journal of Nutrition, p. 1336 (see Figure 1 legend).
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confirmed by Sugiura in 1945 (16). Sugiura was at Sloan
Kettering Institute, and he carried out these experiments in
collaboration with a member of Lewisohn's group. The effects

reported by Lewisohn for teropterin are still a mystery.
After folie acid was synthesized in 1946, we became so

impatient to test its synthetic relatives that we started to work
with a crude mixture that was later shown to contain more than
one folie acid antagonist. We called it "x-methyl folie acid"
because it was prepared by Hultquist and Smith using Waller's
so-called shotgun reaction, but with dibrombutyraldehyde
rather than dibrompropionaldehyde, and therefore should have
an additional methyl group. We started work with it in 1946,
as soon as we occupied our animal laboratory in an old bam,
while we were waiting for construction of a new laboratory
building.

x-Methyl folie acid inhibited the growth of lactic acid bacte
ria, and this action was reversed by adding folie acid. We then
tried its effects on rats, which were fed a purified diet containing
no folie acid, and with a sulfonamide added to prevent intestinal
synthesis of folie acid (17).

Analogues of folie acid, if they were antagonistic to the parent
substance, should interfere with the formation of blood cells,
and perhaps with the multiplication of other cells. As luck
would have it, x methyl folie acid produced acute folie acid
deficiency in experimental animals, against which they were
completely protected by raising the folie acid content of their
diet, as shown in Table 3. I well remember the day in 1946
when 26-year-old Alfred Franklin, speechless with excitement,
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Table 3 Effect of folie acid and x-methyl folie acid on growth and white blood
cell count of rats

Added to diet Weight White blood cell count

x-Methyl
Foliefolie(mg)10.33110(g)111IOIO10(g)6671296486172279(6)8594*â€¢72104**94xl,000/mm33

weeks810381112105weeks13IS11314â€¢*14Granulo-cytes/mm33weeks1,5002,400844701,50081001.200

*, all dead.

1 I ) t I ( I
2345678 Â«'Â«-Â«Â»I 23456 78

Fig. 4. Effects of folie acid (PGA) and x-methyl folie acid on hemoglobin,
white blood cells, weight increment, and granulocyte count in rats fed purified
diet plus sulfasuxidine, with l mg PGA/kg of diet (O); plus 10 g x-methyl PGA
(X) changed to 100 mg PBA plus 10 g x-methyl PGA (â€¢).Reprinted with
permission from Franklin et al. ( 17).

pulled me to the microscope to show me a slide of the blood of
rats that had received x-methyl folie acid. Less than 3 years
later he was dead.

Alfred Franklin found, on the first try, that x-methyl folie
acid added to the diet reduced the granulocyte count almost to
zero (Table 3). However, there are many toxic substances, such
as benzene, that destroy white blood cells and produce leuko-
penia. The important finding was that the action of x-methyl
folie acid was reversed by feeding folie acid. Furthermore after
anemia, leukopenia and agranulocytosis had developed, the
white count rose rapidly when folie acid was given by interven
tion, and there was a surge that raised the white count and
especially the granulocyte levels far above the normal range
(Fig. 4). This finding gave us confidence that a folie acid
antagonist could be used for experimental treatment of blood
dyscrasias such as the leukemias and that any injurious effects
could probably be reversed. We published these findings and
this suggestion in 1947 (17), thus predicting leucovorin rescue.
During this period, we enjoyed the friendship of Sidney Farber
on his weekend visits to Pearl River, NY, and we told him
about our work.

The experiments with rats were followed by similar studies
with mice, chicks and dogs (18, 19). Mice became emaciated,
most of them died, and the uteri of the survivors were found to
be atrophie upon autopsy. White cell counts fell to low levels.
Complete protection was given when 100 mg of folie acid was
added to the diet containing 10 g of the crude x-methyl folie
acid per kilogram. With chicks, slow growth, anemia, leuko
penia, and high mortality were produced when x-methyl folie
acid was added to the diet and the birds were protected by folie

acid. Dogs fed x-methyl folie acid grew slowly or lost weight
and became emaciated with loss of hair, anemia, and ulcÃ©ration
of the skin. The symptoms were prevented or reversed by folie
acid.

Dr. Marjorie Nelson at the University of California in Berke
ley described several birth defects produced in baby rats by
feeding x-methyl folie acid to their mothers during pregnancy.
These included kidney hypoplasia, cardiovascular anomalies,
defects in the diaphragm, eye abnormalities including cataracts,
and hydrocephalus. In her studies with rats, Marjorie Nelson
found the occurrence of fetal abnormalities depended on the
stage of pregnancy (20, 21). In early pregnancy, fetuses are
highly susceptible, and according to I Inciseli and Philips, the
embryonic mesenchyme was the tissue that was primarly af
fected (22). Nelson described edema and anemia, cleft palate,
club foot, defects in kidneys, gonads, and cardiovascular sys
tems occurring at high levels in rats receiving x-methyl folie
acid during the first 11 days of pregnancy. At later stages, the
incidence of such abnormalities was minor or low. Obviously,
folie acid deficiency should be guarded against during preg
nancy, especially early pregnancy, in women, and folie acid
antagonists should never be given to pregnant women.

A few years ago, medical authorities in Great Britain an
nounced a plan to investigate the relationship of folie acid
deficiency to spina bifida and hydrocephalus in human babies.
The idea was to give a group of pregnant women folie acid
supplementation and use a second group as controls. I wrote a
letter of protest at the inhumane scheme.

In spite of its biological activity for laboratory animals, x-
methyl folie acid was not clinically useful. Heinle and Welch
gave x-methyl folie acid to two patients with myeloid leukemia
(23). There was some evidence of remission, but large amounts
of the crude antagonist had to be given and the patients needed
to be fed a low-folic acid diet plus succinyl sulfathiazole to
suppress intestinal bacterial synthesis of folie acid. We con
cluded that x-methyl folie acid was not a sufficiently powerful
folie acid antagonist to be effective in suppressing the growth
of cancer cells. To use a mountain-climbing analogy, we had
made a "first ascent," only to see from the summit a higher

peak in the distance.
In 1947, a new substance was synthesized by Seeger, Smith,

and Hultquist, 4-aminofolic acid, known as aminopterin (24)
(Fig. 5). This time we worked with a pure compound instead of
a crude reaction mixture.

Aminopterin was a big surprise. We expected that it might
serve as a replacement for folk acid, rather than an antagonist,
because transamination should convert it to folie acid. Instead
we found that mice died within a few days after being placed
on a diet containing only 1 part per million (ppm) of aminop
terin (25). At a level of 0.3 ppm, there was some toxicity, which
was reversed by high levels of folie acid, but when the level of
aminopterin was raised to 1 ppm, even when 100 mg of folie
acid was added per kilogram of diet, the animals all died in
about 5 days (Table 4). Death took place too rapidly for anemia
and leukopenia to develop. Oleson et al. (26) found aminopterin
was toxic for rats and chickens. It inhibited growth of Strepto
coccus faecalis. The inhibition was reversible by folie acid or

O COOH
n l
â€¢C-NH-CH

(DO,

COOH

Aminopterin
Fig. 5. Structure of aminopterin.
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Table 4 Effect of folie acid and aminopterin on survival in mice,
five mice per group

COOH

Supplement,
mg/kiloofdietFolie

acid0.1-100

0.1
1.0

100
0.1-100

100
0.1-100Aminopterin0

0.3
0.30.3

1.0
1.0
3.0Number

of
survivors1

week5

0
4
5
1
0
03

weeks5

0
4
50

00Average

survival time
(days)'46.2

54.5

" In groups in which all animals died during 8 weeks.

Table 5 Aminopterin

Seeger, Smith, and Hultquist. November 1947: Synthesis of 4-amino folie acid
(aminopterin).

Franklin, Stokstad. and Jukes, March 1948: Aminopterin highly toxic to mice.
Farber et al.. June 1948: Temporary remissions in acute leukemia in children by

aminopterin.
Oleson, Mulchings, and SubbaRow, August 1948: Inhibitory effects of aminop

terin on S.faecalis, rats and chickens.

teropterin, but the inhibition was "not of a strictly competitive
nature."

The article by FÃ¤rberand coworkers in the New England
Journal of Medicine for May 1948 (27) has been widely quoted
as an early landmark in the chemotherapy of leukemia. In it,
Farber gives detailed descriptions of five young children with
leukemia who went into temporary remission when treated with
aminopterin. In his introduction, Farber speaks of "an accel
eration phenomenon" in the leukemic process as seen in chil
dren treated with folie acid diglutamate ("diopterin") and folie

acid triglutamate (teropterin), both of which are substances
with folie acid activity rather than antagonists. Strangely
enough, Farber does not mention the earlier publications on
the clinical use of teropterin by Lewisohn or the report by
Sugiura (16) describing the ineffectiveness of teropterin against
mammary tumors in mice.

Farber then mentions a case treated with pteroylaspartic acid
(28) which showed hypoplastic bone marrow at autopsy, fol
lowed by "clinical laboratory and postmortem studies on a

group of 14 children with acute leukemia treated with pter
oylaspartic acid, and on seven treated with methylpteroic acid"

(Ref. 27, p. 788).
In Farber's study, use of aminopterin for children with acute

leukemia started in November 1947 and continued through
April 15, 1948. Of 15 cases, 10 showed improvement. Farber
emphasized that only temporary remissions were produced by
aminopterin in children with acute leukemia and that the "toxic
effects may make continued use of the drug impossible" (Ref.

27, p. 792) (Table 5).
In 1948, Smith, Cosulich, Hultquist, and Seeger (29) de

scribed the synthesis of 2,4-diamino-10-methyl folie acid, the
compound first known as amethopterin and now as methotrex
ate. The patent application for the compound was filed by
Smith and Cosulich in 1947, at the time that Farber started his
first clinical studies with aminopterin. The high toxicity of
aminopterin soon led to its replacement by methotrexate, which
has a somewhat lower potency but is better tolerated. The
method of synthesis was patterned on the earlier procedure for
synthesis of folie acid, except that 2,4,5,6-tetraminopyrimidine
and p-yV-methylaminobenzoylglutamic acid replaced 2,4,5-tria-
mino 6-hydroxypyrimidine and p-aminobenzoylglutamic acid,
respectively. This yielded methotrexate, with the structural
formula shown in Fig. 6. The biological activity of methotrexate
was reported in February 1949 by Franklin, Belt, Stokstad, and
Jukes (30). Methotrexate inhibited the growth of S. faecalis,

COOH

Methotrexate

Fig. 6. Structure of methotrexate.

Table 6 Early chronology of methotrexate

YearJan.

1948Feb.

19491949194919501958Group

of
authorsSmith

etal.Franklin

etal.Burchenal

etal.Burchenal

etal.Burchenal

etal.Osborn

et al.StudySynthesis

of methotrexate(patentapplication,
November1947)Effects

of methotrexate onratsand
chicksMethotrexate

prolongedsurvivaltime
of leukemicmiceRemission

of leukemia in chil
dren withmethotrexateMouse

leukemias acquired resist
ance tomethotrexateInhibition

of dihydrofolic reduc
Ãaseby methotrexate

and the inhibition was reversed by folie acid. In experiments
with rats, methotrexate was toxic at levels of 3 mg or higher
per kilogram of diet. Most of the animals in groups that showed
toxic effects died at approximately 1 week, and most of the rats
surviving beyond this time died within the second week. Meth
otrexate was only about one-third as toxic as aminopterin, but
100 mg of folie acid per kilo of diet failed to protect against 10
mg of methotrexate. We commented that "attempts to reverse

the action of the antagonist with folie acid did not meet with
much success." Methotrexate was less toxic for chicks than for

rats, and its toxicity in chicks was prevented by high levels of
folie acid. It was also noted that methotrexate was less toxic
than aminopterin in studies with chick embryos.

Burchenal and coworkers found in 1949 (31) that methotrex
ate prolonged the survival time of mice with transplanted
leukemia AK4, and they also described the use of methotrexate
in the treatment of leukemia in children, with remissions similar
to those described by Farber for aminopterin. In a recent review
(32), Roth notes that by 1949, nearly 200 analogues of folie
acid had been prepared in a pure state, and she also points out
that in 1951, Farber stated that "no results had been achieved

in children with acute leukemia with any of these compounds
that were any better than those obtained with aminopterin and
methotrexate" (Ref. 32, p. 380) (Table 6).

The most outstanding success of the early clinical use of
methotrexate was treatment of malignant chorionic tumors in
women by Li, Hertz, and their associates, first reported in 1956
(33), and with complete remissions lasting to over 5 years,
described in 1961 (34) at the meeting of the American Associ
ation for Cancer Research.

Citrovorum Factor

By the middle of 1949 methotrexate had been launched, and
we turned our attention to the problem of why folie acid did
not reverse the toxic effects of aminopterin and methotrexate
in animals. Obviously, acute folie acid deficiency produced by
x-methyl folie acid could be completely reversed by folie acid,
and obviously aminopterin and methotrexate molecules were
so similar to that of folie acid that they must be acting as
metabolic antagonists when they produced toxicity. A lead came
from an unexpected source. Following a clue from Max Dunn's

department at UCLA where Franklin had studied as an under
graduate, Sauberlich and Baumann in a classic publication in
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1948 (35) reported a special nutritional requirement by Leucon-
ostoc citrovorum 8081, a microorganism used in the assay of
amino acids. /,. citrovorum needed an unidentified substance in
liver extract for growth, and the requirement was partially
replaced by adding thymidine, which was an important clue.
High levels of folie acid enabled the organism to grow, but only
very slowly, and no visible growth was seen in the first 24 to 36
hr. The unidentified substance received the name "citrovorum
factor." It was evidently in some way related to folie acid.

Citrovorum factor was shown not to be vitamin B]2. At the
meetings of the Federation of the American Society of Experi
mental Biology in April 1949, Sauberlich reported (36) that
inhibition of growth of L. citrovorum by aminopterin was re
versed by adding crude sources of citrovorum factor, prepared
from liver, but not by folie acid. He also found that excretion
of citrovorum factor in human urine was increased by feeding
folie acid. By mid 1949, Harry Broquist, an experienced bioche
mist and microbiologist, joined our group, and we were also
joined by John Brockman, an experienced organic chemist from
Cal Tech.

In 1949, Shive and his colleagues (37) found that a factor,
which they termed "folinic acid," would reverse the inhibitory

effect of x-methyl folie acid for 5. faecalis, and they used this
finding as an assay procedure for "folinic acid."

Concentrated preparations of citrovorum factor were pre
pared from liver by our group. These reversed the inhibitory
effects of aminopterin for L. citrovorum in a competitive manner
(38). The citrovorum factor concentrates also protected against
the toxic effects of aminopterin in mice when given by injection,
while folie acid was without effect. Burchenal and coworkers
showed in June 1950 (39) that such citrovorum factor concen
trates, containing about one million "units" of activity per

milligram, would abolish the antileukemic effect of methotrex-
ate in AK4 mice. Upon standing in acid solution at room
temperature exposed to air, citrovorum factor lost its activity
for I. citrovorum and liberated a compound with folie acid
activity for Lactobacillus casei. This effect of acid upon citro
vorum factor was also noted by Shive's group (40). Nichol and

Welch in 1950 (41) reported that ascorbic acid increased the
formation of citrovorum factor in liver slices, especially when
folie acid was added and that aminopterin markedly reduced
the amount of citrovorum factor formed from folie acid by liver
slices from folie acid-deficient rats. They also found that addi
tion of aminopterin to liver slices derived from normal rats
abolished completely the extra citrovorum factor formed from
added folie acid. They proposed that folie acid was converted
to citrovorum factor and that this took place by two steps, only
the first of which was blocked by aminopterin, while the second
step "could involve a reduction facilitated by ascorbic acid but
not interfered with by aminopterin." The second conclusion

was not confirmed, and it is possible that the effect of ascorbic
acid in experiments by Nichol and Welch was to protect 10-
formyltetrahydrofolic acid from oxidation by the air.

Further progress called for synthesis of citrovorum factor,
and John Brockman performed this feat without knowing its
identity. Folie acid was reduced catalytically over platinum in
formic acid, during which 2 mois of hydrogen were absorbed
(42). The unpurified reaction product was highly active for L.
citrovorum. With the collaboration of Barbara Roth, a crystal
line substance was isolated from the reaction (43) and was
shown to protect mice against the toxic effects of aminopterin
(Table 7). Synthesis on a larger scale followed. The new sub
stance was named "leucovorin" (Fig. 7) and was shown by

Cosulich and coworkers to be 5-formyl tetrahydrofolic acid
(44). The name was derived from its pale color as compared

Table 7 Reversal oftoxicity of aminopterin in mice by leucovorin. Test period, 14
days; injections three times weekly

Aminopterin
0<g)10

20
10
10
20
20Leucovorin

(xg)15

30
30
60Survival

time
(days)6.85.0xAll

survived**All

survived14-Day

weightgain0.3

5.3
-2.1

4.3
Â«9 of 11 survived (*), 10 of 11 survived (**).

CHO

l H
COOH

Leucovorin

Fig. 7. Structure of leucovorin.

Table 8 Reversal oftoxicity of aminopterin in mice by leucovorin or
tetrahydrofolic acid. Test period, 14 days; injection time, three times weekly

Aminopterin(Mg)10

10
10
10
10Leucovorin0-g)10

20Tetrahydrofolic

acid(fin)30

100Survival

time4.9

days
None died
None died
None died
None died8-Day

weight
gain0.3

3.5
1.3
3.3

10 plus 100 fig 10-
formyl folie acid

5.7 days

with that of folk acid, which is yellow, and from its activity for
L. citrovorum.

Chemical properties of leucovorin were described by Cosulich
and coworkers. Leucovorin, at low pH values, forms anhydro-
leucovorin (5,10-methenyltetrahydrofolic acid). Both leucovo
rin and anhydroleucovorin are comparatively stable to air in
acid solution, but at pH 7, anhydroleucovorin becomes con
verted to 10-formyl tetrahydrofolic acid. This compound does
not have the 5 position protected and hence is unstable in the
presence of air. It becomes oxidized to 10-formyl folie acid,
which is inactive for L. citrovorum (44). This solved the problem
of the instability of citrovorum factor to air and high pH.

During this period, Shive and his colleagues at the University
of Texas were active in studying the chemistry of "folinic acid."
They reported in 1951 that "folinic acid-SF" (synthetic factor)

had the same structure as leucovorin (45).
By 1948, it had become evident that folie acid functioned in

metabolism by transferring single carbon units in anabolic
reactions. This role was first suggested by Shive in 1947 (46),
who found that 4-amino-5-imidazolecarboxamide, a precursor
of purines, accumulated in cultures of Escherichia coli that were
inhibited by sulfanilamide. Apparently, the 5-formyl group in
leucovorin was such a "single-carbon unit." The question re

mained: did aminopterin block the addition of the formyl group
to folie acid, or did it block the reduction of folie acid to
tetrahydrofolic acid? We answered this question by reporting
in 1951 that tetrahydrofolic acid would promote growth of L.
citrovorum (47) and would protect mice against the toxic effects
of aminopterin (Table 8). Therefore, the biological effects of
methotrexate resulted from its action of preventing the reduc
tion of folk acid to tetrahydrofolic acid. From then on, the
central role of tetrahydrofolic acid was realized (Fig. 8) and this
led to great expansion of research into enzyme systems cata
lyzed by derivatives of tetrahydrofolic acid. Folk acid, as iso
lated from natural materials, must be reduced to tetrahydrofolic
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2-am1no-4-hydroxy-6-
â€¢ethyl-pterln

TETRAHYDROFOLIC ACID
p-Aminobenzoic Glutamic

acid acid
(PABA)

Fig. 8. Schematic of tetrahydrofolic acid, showing its constituents.

Table 9 Some reactions catalyzed by tetrahydrofolate coenzymes

Formation of purine ring by adding single-carbon units (two sites)
Methylation of homocysteine to form methionine
Glycine from serine (and sometimes, senne from glycine)
Thymidylate from deoxyuridylate
Histidine from purines
Formylmethionyl tRNA from methionyl tRNA

Dihydrofolate
reductase >

Dihydrofolate ÃœÃ„DP~ Tetrahydrofolate

Blocked by aminopterin Ki = 10-10

Fig. 9. Aminopterin blocks action of dihydrofolic reductase. Reprinted with
permission from Journal of Nutrition, p. 1339 (see Figure 1 legend).

acid before it takes on its metabolic roles (Table 9).
The search for compounds that can be used in cancer che

motherapy is far more difficult than looking for antibacterial
drugs, such as antibiotics. This is because certain tissues of the
normal body, such as intestinal epithelium and bone marrow,
are undergoing cellular proliferation. This makes them suscep
tible to the toxic effects of substances that are used to halt the
growth of tumor cells. The main biological effect of methotrex-
ate in stopping the production of thymidylate for DNA synthe
sis is not specific for cancer cells, so methotrexate does not
qualify as a true "magic bullet."

Many ingenious procedures, reviewed by Sirotnak and de-
Graw (48), have been used to maximize the effect of methotrex
ate on cancer tissue as compared with normal tissue. One
method is to use "leucovorin rescue," carried out by adminis

tering a large dose of methotrexate in order to saturate the
tumor tissue, then discontinuing methotrexate and administer
ing leucovorin to protect the normal tissue. This was pioneered
by Goldin and coworkers in 1953 (49) and has been described
recently by Frei and coworkers in 1975 (50).

Leucovorin rescue has been widely studied both experimen
tally and clinically with methotrexate and with other related
chemotherapeutic compounds. Goldin and coworkers showed
in 1957 (51, 52) that toxicity but not antitumor activity can be
reversed if a high dosage of methotrexate to the patient is
followed by administration of leucovorin according to a careful
schedule. Hutchison and coworkers have studied this problem
with mice, using S180 and ROS tumors (15). They found that
methotrexate combined with leucovorin rescue was more effec
tive against these tumors in mice than was methotrexate alone.
The use of methotrexate combined with leucovorin rescue is
widespread clinically.

In 1958, Osborne, Freeman, and Huennekens (53) reported
that aminopterin and methotrexate both strongly inhibited the
action of dihydrofolate reductase (Fig. 9), the enzyme that
reduces dihydrofolic acid to tetrahydrofolic acid. These findings
were extended by several other laboratories, and the close
relationship of dihydrofolic reductase to thymidylate synthase
became well established. These results have been in the text
books for many years, and large numbers of investigations have

been made on the nature of these enzymes and on methods for
blocking their reactions by means of specific chemical sub
stances. Prominent research workers who have made numerous
contributions include George Hitchings, Bernard Baker, Daniel
Santi, and Barbara Roth.

In addition to dihydrofolate reductase, thymidylate synthase
has been intensively studied as a chemotherapeutic target. The
role of thymidylate in DNA replication makes thymidylate
synthase one of the essential enzymes in the cell replication
cycle.

The actual target of methotrexate was thymidylate synthase
which, of all the enzymes dependent on folk acid, is the only
one that is specific for the synthesis of DNA. The mode of
action of thymidine synthase is shown in Fig. 10, and its
function depends upon the presence of 5,10-methylene tetra
hydrofolic acid. This reacts with deoxyuridylate to form thy
midylate. During this reaction, the mÃ©thylÃ¨negroup is trans
ferred from tetrahydrofolic acid to uracil and is reduced to a
methyl group by protonation with an atom of hydrogen from
tetrahydrofolic acid, which is thus reduced to dihydrofolic acid.
This is recycled into the tetrahydrofolic acid pool by hydrogÃ©n
ation with an enzyme, dihydrofolic reductase. The enzyme is
bound with great affinity by methotrexate, so the supply of
methyl groups for formation of thymidylate becomes exhausted
and synthesis of DNA ceases.

As Arthur Kornberg (Ref. 54, p. s133) put it, "inhibition of

the reductase piles up the dihydrofolate form of the coenzyme
as a result of repeated cycling through thymidylate synthase.
The cell dies for lack of purines and amino acids, the biosyn
thesis of which depends on the folate coenzymes. Tetrahydro
folate is the only active form of the coenzyme." He also states

that another effect of methotrexate is to cause an accumulation
of deoxyuridylate which, in the absence of thymidylate, becomes
incorporated into DNA with deleterious results.

The 2,4-diaminopyrimidine ring binds very strongly to the
active site of dihydrofolic reductase. For this reason, a synthetic
intruder into the biological scene, methotrexate, binds more
strongly to the enzyme than does the regular substrate, dihy
drofolic acid. This appears to be an "evolutionary accident" and

is dependent upon a strong affinity of one of the amino acids
in the active site of the enzyme for 2,4-diaminopyrimidine. In
1948, Daniel and coworkers (55) found that 2,4-diaminopteri-
dines would inhibit the growth of microorganisms, and Hitch-
ings and coworkers (56) in 1948 found that simple 2,4-di-

i-DNA

Deoxyr1bose-P

c in
N ,N -mÃ©thylÃ¨ne FH.

Leucovorin

(citrovorum factor) FH- reductase

2,4-diam1nopyr1midines,
includingmethotrexate

Fig. 10. Methotrexate blocks synthesis of thymidine from uracil deoxyribotide.
Reprinted with permission from Journal of Nutrition, p. 1339 (see Figure 1
legend).
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aminopyrimidines inhibited the growth of L. casei by interfering
with its utilization of folie acid.

Many 2,4-diaminopyrimidines have been prepared and ex
amined by Dr. George Hitchings and his colleagues, including
Drs. Gertrude Elion and Barbara Roth (56, 57). From these
studies, they have developed trimethoprim as an antibacterial
agent, and pyrimethamine as an antimalarial drug (57). These
compounds function as inhibitors of dihydrofolate reducÃase.
Trimethoprim has a high specificity for bacterial dihydrofolic
reductases, some of which are several thousand times more
sensitive to trimethoprim than is the corresponding mammalian
enzyme. Similarly, pyrimethamine has a high specific affinity
for the corresponding plasmodial enzymes, and Roth comments
that "this was indeed the discovery of a magic bullet (56)". It

was possible to obtain therapeutic activity at levels that are too
low to produce symptoms of folate deficiency in the host.

The late Bernard R. Baker, an organic chemist at Lederle
Laboratories, moved to the University of Buffalo in the early
1960s, where he worked on the diaminopyrimidines and dihy-
drotriazines of the pyrimethamine type. His objective was to
synthesize and evaluate inhibitors of dihydrofolic reducÃasethat
would combine with the active site of this enzyme. Roth and
Cheng (Ref. 58, p. 312) have commented, "Based on his concept
of active-site-directed irreversible enzyme inhibition, Baker
published hundreds of articles on enzyme inhibitors and syn
thesized thousands of compounds for cancer chemotherapy
studies." Many of these were tested in Dunning leukemia in

rats, which responds well to methotrexate treatment. Several of
the synthetic compounds were more effective than methotrexate
in laboratory tests. There was considerable variation between
in vitro and in vivo activity. Baker then synthesized a new series
of triazines that would have favorable properties with respect
to water solubility, inhibition of dihydrofolate reducÃase, and
diffusibility through cell membranes. Baker's pioneering re

search was brought to a sudden end by his unlimely death in
1971 of congeslive heart failure.

Resislance lo methotrexale may develop for several reasons.
Firsl, cells sensilive lo melholrexale are eliminaled and Iheir
place is laken by cells lhal are inherently insensitive. Nexl, ihe
enzyme within ihe cell may become less accessible lo ine drug.
Third, the cell may produce increased quanlilies of Ihe normal
metabolite or of the enzyme, such as in ihe case of amplification
of ihe gene for dihydrofolic reducÃase.According lo Albrechl
and Biedler (59), ihe principal known causes of Ihe development
of resistance by cancer cells are first, increased produclion of
dihydrofolic reducÃase, second, synlhesis of an isoenzymalic
form of Ihis enzyme with decreased binding capacity for meth
otrexate, and third, diminished accessibility of the enzyme to
the antagonisl. In addition to its use in cancer chemotherapy,
metholrexale has been valuable in biochemical studies.

Schimke and coworkers (60) showed thai resistance lo melh-
otrexale in Sarcoma 180 cells occurs wilh the accompaniment
of increased levels of messenger RNA, and this increase is
associated wilh increased numbers of ihe dihydrofolic reducÃase
gene. An increase of 200- lo 250-fold in enzyme level was
accompanied by a 200-fold increase in gene copies for the
enzyme, thus showing the role of gene amplification as a
mechanism for ihe developmenl of resislance. They found also
lhal melholrexale-resislanl Chinese hamsler ovary cells, se
lected for high resislance by increasing steadily the amounts of
melholrexale in ihe cullure medium, have an expanded region
on Ihe second chromosome lhal is noi present in sensilive cells.

An abnormality found in overproducing cells is Ihe double
minute chromosome. These are small, paired exlrachromo-
somal bodies thai lack cenlromeres (59, 60).

This brings my account lo 1987. The search for magic bullets
continues and monoclonal antibodies are Ihe latesi candidate
for ihis title. I shall make a few commenls on Ihe molecular
evolution of thymidine synihase, which is an enzyme universally
presenl in living systems because of ils esseniial role in ihe cell
replicative cycle as a supplier of thymidylic acid for ihe synlhesis
ofDNA.

In mosl organisms, dihydrofolate reducÃase (DHFR) and
ihymidylate synthase (TS) exisl as separate proteins, with
DHFR as a monomer and TS as a dimer. However, in prolozoa,
ihe Iwo enzymes are on a single bifunclional polypeplide chain
thai is encoded by a single gene. Il seems probable that the
coding regions for both proteins have evolved simultaneously,
and thai Ihe evolution of DHFR has been more rapid than thai
of TS, as shown by rates of divergence of their sequences. TS
is so highly conserved in evolution lhat the difference in amino
acid residues belween ihe human and bacterial proteins is only
48%. Some comparisons are shown in Table 10, based on
sequences from Hardy and coworkers (61). The difference be
tween ihe human and mouse TS proteins is 6% as compared
wilh 16% for human and mouse hemoglobins. Human and
Herpesvirus saimirÃTS proteins are 27% differenl. This shows
a common origin more receÃ±Ãlhan lhal of ihe common origin
of mammals and of ihe prolozoan parasite Leishmania, which
differ by 39%. In terms of homology, human, mouse, Leish
mania, and H. saimirÃare in one group, and Ihe Iwo bacteria
in a second group.

It is templing lo iry using TS differences as a molecular
evolutionary clock, but there are too many uncerlainlies for Ihis
(Table 11). Il may be lhal amino acid replacement s in ihe
evolution of TS have reached a saturalion poinl. The veriebrale-
Leishmania separalion, according lo Woese's sludies (62) (Fig.

11) wilh 16S ribosomal RNA, took place quite early in Ihe
hislory of Ihe eukaryoles. Ochman and Wilson (63) estimate
the L. casei/E. coli divergence as 1.5 billion years ago (Fig. 12).

DHFR has evolved more rapidly than TS as shown by com
paring either the genes or ihe proteins. This may be because
there is more constrainl on ihe protein structure of TS than of
DHFR. Such differences in evolutionary rates are known even
between different exons of the gene for ihe same protein, such
as in a hemoglobin.

My report is on behalf noi only of those who worked on the
development of metholrexale, but of all who were involved in
the discovery of the chemical nature of folie acid and in its
synlhesis. And still, 40 years later, folie acid deficiency is a
worldwide problem, especially in pregnant women in develop
ing countries.

Table 10 Evolution of thymidylate synthase differences in
amino acid sequences (%)

Differences (%) in amino acid sequences

Source 1

1.2.3.4.5.6.7.Human
MouseHerpesvirus
saimirÃLeishmania
majorLactobacillus
caseiEscherichia
coliBacteriophage

T462739SO465229404946543948SO57535258395452

Table 11 Kate of evolution of thymidylate synihase

SpeciesMammals

Mammals-trypanosomes
L. casei-E. coli
Eubacteria-eukaryotes%

Difference6

3939

49Time

since common
evolutionary origin

(million years)75

Approximately 800
Approximately 1,500
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microsooridio

Fig. 11. Eukaryotic phylogenelic tree based
on 16S-like ribosomal-RNA-sequence com
parison. Reprinted with permission from C. R.
Woesc (62).

flagellates

euglenoids

slime molds
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alÃales
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Escherlchla
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Acinetobacter

Rhlzoblum
Agrobacterlum

Rhodopseudomonas
Mitochondria

Bacillus
Streptococcus
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Hostoc
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Fig. 12. Phylogenetic tree of bacteria, chloroplasts and mitochondria, showing
the divergence of bacillus and Esctierichiu. Reprinted with permission from H.
Ochman and A. Wilson (63).

It must be very rare to receive an award for research that was
carried out and published 40 years ago. The work of our group
took place between 1946 and 1950. Four members were organic
chemists who synthesized molecules that were antagonists of
folie acid. The other four carried out the biological tests, and
of these four, two have died; Alfred Franklin died of renal
failure in 1949, at the height of his work on methotrexate, and
Margaret Belt Kenne died of heart failure February 21, 1987,
but not before expressing her great delight at the receipt of this
award. Of the four organic chemists, Doris Seeger died of

cancer, after a long illness, on April 3, 1987. It is to the
memories of Alfred Franklin, Margaret Belt Keane, and Doris
Seeger that I dedicate this review.
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